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Genetic competence in Streptococcus mutans is a transient state that is regulated in response to multiple environmental inputs.
These include extracellular pH and the concentrations of two secreted peptides, designated CSP (competence-stimulating pep-
tide) and XIP (comX-inducing peptide). The role of environmental cues in regulating competence can be difficult to disentangle
from the effects of the organism’s physiological state and its chemical modification of its environment. We used microfluidics to
control the extracellular environment and study the activation of the key competence gene comX. We find that the comX pro-
moter (PcomX) responds to XIP or CSP only when the extracellular pH lies within a narrow window, about 1 pH unit wide, near
pH 7. Within this pH range, CSP elicits a strong PcomX response from a subpopulation of cells, whereas outside this range the
proportion of cells expressing comX declines sharply. Likewise, PcomX is most sensitive to XIP only within a narrow pH window.
While previous work suggested that comX may become refractory to CSP or XIP stimulus as cells exit early exponential phase,
our microfluidic data show that extracellular pH dominates in determining sensitivity to XIP and CSP. The data are most consis-
tent with an effect of pH on the ComR/ComS system, which has direct control over transcription of comX in S. mutans.

Genetic competence is a transient physiological state during
which a bacterial cell is able to internalize DNA from its en-

vironment. Competence occurs in many bacterial species but was
first described in the streptococci, where its regulation has been
the subject of intensive study (1, 2). In the oral pathogen Strepto-
coccus mutans, competence is important not only because it con-
tributes to genetic diversity but also because its regulation is
closely intertwined with the manifestation of virulence-related be-
haviors, including bacteriocin production, biofilm formation, tol-
erance of low pH, and carbohydrate catabolism (3–7). S. mutans
regulates competence in part through two secreted quorum-sens-
ing peptides, designated competence-stimulating peptide (CSP)
and comX-inducing peptide (XIP). Interestingly, the activity of
these peptides depends on environmental parameters, including
pH, carbohydrate, and media (8–11). Through mechanisms that
are not well understood, the competence regulon integrates the
peptide signals with environmental and internal parameters (12,
13) to trigger a transient state of competence during early expo-
nential growth phase.

The interaction of the extracellular environment with compe-
tence and related virulence behaviors is important in the context
of oral biofilms. Heterogeneous local environments of pH and
oxygen/redox, carbohydrate, and secreted-peptide concentra-
tions in a biofilm could potentially lead to spatial variations in
virulence gene expression in S. mutans (14–17). pH is particularly
important because the fermentation of carbohydrates by S. mu-
tans generates acids that can rapidly modify the pH of the envi-
ronment. The pH in a biofilm can locally fall below pH 5.0 (15,
16), with large variations in pH reported to occur over distance
scales as small as a few micrometers (18). As the ability to both
generate and tolerate acidic conditions is itself an essential char-
acteristic of the virulence of S. mutans (19, 20), it is critical to
understand how extracellular pH interacts with the regulation of
competence and virulence.

At the center of competence regulation in S. mutans is comX

(also known as sigX), which encodes an alternative sigma factor
required for the expression of late competence genes. ComX is
absolutely required for transformation (21, 22). The transcription
of comX is activated by the ComR/ComS system (23): comS en-
codes the precursor for the 7-residue peptide XIP, which interacts
with ComR to form a complex that is the transcriptional activator
of both comX and comS. In chemically defined media, expression
of comX can be directly activated by exogenous XIP, which is in-
ternalized and forms a complex with the ComR protein that binds
to the comX promoter (PcomX) region.

In planktonic and biofilm cultures supplied with complex me-
dia, comX expression and transformability can be induced by the
addition of exogenous CSP. CSP is a 21-residue peptide derived
from posttranslational processing and secretion by ComAB. Fur-
ther extracellular processing of CSP by the SepM protease yields
an 18-amino-acid peptide that is believed to be the most active
form of CSP (24). The mechanism by which extracellular CSP
causes upregulation of comX is indirect and more complex than is
the case for XIP. Extracellular CSP is detected by the two-compo-
nent signal transduction system ComD/ComE, leading to phos-
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phorylation of ComE (to ComE-P), which functions as an activa-
tor of genes encoding a variety of bacteriocins. ComE-P also
stimulates the ComR/ComS system through an unknown mech-
anism. The ComR/ComS system provides positive autofeedback
regulation of comS, and this feedback is evidently stimulated by
CSP. As a result, CSP triggers bimodal activation of the ComR/
ComS system as well as comX. That is, under stimulation by CSP,
a subpopulation of S. mutans cells (typically 1 to 10%) activates
comX while the rest of the population does not (10, 25).

Finally, CSP is effective in stimulating PcomX only in complex
(peptide-rich) growth media, whereas XIP is effective only in
chemically defined media such as FMC (10, 23, 26, 27). We pre-
viously posited that the connection between growth medium and
the PcomX response to XIP or CSP can be understood in terms of
direct versus autofeedback stimulation of the ComR/ComS sys-
tem (10).

Guo et al. recently reported that pH plays an important role in
the regulation of competence in S. mutans (11). In a study using
batch-grown, planktonic cultures, natural competence develop-
ment and competence induction by XIP or CSP were optimal
during early exponential phase (optical density [OD] � 0.2).
However, cells later in the growth cycle (e.g., OD � 0.4 or 0.8)
were unresponsive to XIP or CSP, as assessed by reporter gene
fusions and transformation efficiency assays (11). Because S. mu-
tans acidifies its environment during growth, Guo et al. tested
whether restoring mid- or late-exponential-phase cultures (OD �
0.4 or 0.8, respectively) to neutral pH or exchanging the superna-
tants for fresh media could restore com gene expression and trans-
formation. Neutralizing the pH largely restored the response to
XIP in cells grown to late exponential (but not mid-exponential)
phase. However, cells in mid- and late exponential phase showed a
reduction in com gene response to CSP that could not be restored
by neutralizing the pH. These data clearly showed an important
role for pH in S. mutans competence regulation. However, they
could also indicate that internal cellular mechanisms activated
during mid-exponential phase or inhibitory substances accumu-
lating in the medium also limit the duration of the competent
state. S. mutans modifies its environment during growth through
production of acid, depletion or generation of signal peptides and
other factors, formation of biofilms, and other behaviors. It is
important therefore to establish more clearly whether changes in
the cells and their environment play an important role in inhibit-
ing the activation of comX later in growth.

In studying planktonic or biofilm cultures, it is difficult to un-
ravel the influence that environmental factors such as pH, signal
peptides, growth phase, and medium composition have on gene
regulation. In the present study, we distinguish the effect of pH
from other environmental effects by studying cells that are ad-
hered in microfluidic growth chambers, which supply a continu-
ous and stable flow of media that can be precisely defined and
modulated. The activation of S. mutans competence genes in these
controlled environments can be studied at the single-cell level
using fluorescent protein reporters. Our laboratory groups re-
cently showed that microfluidic methods can clarify the role of
signals, signal transduction systems, and other regulatory circuits
in the regulation of S. mutans competence. Here fine microfluidic
control of the environment allows us to determine how the extra-
cellular pH modulates the responsiveness of the competence net-
work to stimulation by CSP and XIP.

MATERIALS AND METHODS
Construction of reporter strains. The construction of the PcomX-gfp re-
porter strain was described previously (10). The PcipB-gfp reporter strain
was constructed by replacing PcomX by PcipB (SMU.1914c). Briefly, a
214-bp region comprising PcipB was PCR amplified with primers TCATG
GATTAAGCTTAAAAAGTAAT and TGTATTCATACTAGTAATACCC
CTT, which incorporated HindIII and SpeI sites, respectively, and was
cloned in front of the superfolder green fluorescent protein (sGFP) gene
in pDL278. The resulting construct was transformed into wild-type strain
UA159. For constitutive expression of gfp, the region containing a sarA P1
promoter (a constitutive promoter of multiple virulence determinants in
Staphylococcus aureus) and the sGFP gene was PCR amplified from
pCM11 and cloned into pDL278 (28, 29).

Microfluidic experiments. Microfluidic fabrication and related pro-
cedures were described previously (10). The microfluidic device has three
inlet channels for media and seven parallel flow chambers in which S.
mutans cells adhere (see Fig. S1 in the supplemental material). To create
the pH gradient across the seven chambers, we inject at the inlet channels
media at three pH values, where the media contain 2 to 3 �M pH-sensitive
red fluorophore (SNARF-5F carboxylic acid; Molecular Probes). The de-
vice mixes the inlet flows to deliver media at different pH values into the
cell chambers. We verified the pH of the media within each chamber by
measuring the red SNARF fluorescence of each chamber and comparing it
to a calibration curve (Fig. 1).

The SNARF calibration curve was obtained by dissolving 2 to 3 �M
dye in fresh medium at different pH values and loading this mixture into
a commercial channel slide (Ibidi; 80661). At each of the pH values, three
red fluorescence images were collected using the same Nikon Cy3 HYQ
filter as used for live cell studies. The mean of three fluorescence values
was plotted and fit to a polynomial over the range of pH 8.2 to 5.8 (Fig. 1).

FIG 1 Individual cells of S. mutans, which grows in short chains, were ob-
served within a microfluidic device containing seven parallel flow chambers
that supply media at different, stable pHs. The flow in each chamber was
generated by mixing inlet media of different pHs, and pH was verified by
measuring the red fluorescence of a pH-sensitive tracer dye. (A) The dye flu-
orescence versus pH was measured in independent measurements on bulk
samples, generating the calibration points shown in blue. The curve is a poly-
nomial fit to the calibration points. The arrows relate the relative fluorescence
of the dye in the microfluidic chambers to locations on the calibration curve.
(B) Images of microfluidic flow chambers containing adhered S. mutans at
different pHs. PcomX activity was detected using a GFP reporter. All channels
were provided with 1 �M synthetic CSP in complex growth medium (see
Materials and Methods). The images are a partial overlay of the tracer dye
fluorescence in the chambers (red), the GFP fluorescence of the cells adhered
in the flow chambers (green), and phase-contrast (gray).
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PcomX-gfp or PcipB-gfp strains of S. mutans were grown to the desired
OD (OD � 0.1, 0.4, or 0.8 at 600 nm), ultrasonicated for 10 to 30 s (Fisher
FB120 ultrasonicator at 30% amplitude), and then loaded into the cham-
bers of the flow device, which was installed on the stage of an inverted
microscope in an anaerobic chamber at 37°C. The fluid flow in the flow
chambers (see Fig. S1 in the supplemental material) was then switched on
to provide the stable pH gradient. The cells were imaged in phase-con-
trast, GFP fluorescence, and red (SNARF) fluorescence every hour for 2 to
3 h. The fluorescence of the gfp-active cells grows monotonically over this
period as GFP accumulates. Imaging was computer controlled using a
motorized stage, shutter, and cooled charge-coupled device (CCD) cam-
era under the control of custom software. To verify that our GFP signal
was reliable over the full pH range of interest, we also loaded a strain
containing a constitutive gfp reporter into the chambers and verified that
the GFP fluorescence is virtually unchanged over the pH range of interest
(see Fig. S2).

Fresh media were used in some microfluidic experiments, while fil-
tered supernatants were used in others. For all CSP studies, the fresh
medium was 1/3 brain heart infusion (BHI) medium and 2/3 FMC me-
dium (vol/vol), while for all XIP studies the fresh medium was FMC (30).
It was necessary to dilute the BHI in the CSP studies because pure BHI
medium produces a strong green fluorescence background signal. For
microfluidic experiments with supernatants, cell cultures that were inoc-
ulated in the appropriate fresh media were centrifuged to separate the
supernatant from the cell pellet and filtered (0.22 �m) and 2 to 3 �M
SNARF dye was added. For pH gradient studies, the pH of the media or
supernatants to be supplied was adjusted to 6, 7, or 8 by addition of a small
amount of HCl or NaOH and the appropriate signal peptide was then
added at the concentration of 1 �M synthetic CSP or 500 nM synthetic
XIP. The three pH-adjusted media were then combined within the micro-
fluidic device to produce the pH gradient, as shown in Fig. 1. For XIP or
CSP concentration gradient experiments, the media entering the micro-
fluidic device were corrected to pH 6 or 6.3 but the three inlet streams
contained XIP (0, 5, 10 �M) or CSP (0, 3, 6 �M) concentrations that
mixed to generate a linear gradient. To permit monitoring of XIP or CSP
concentrations in peptide gradient experiments, a red fluorescent tracer
(sulforhodamine 101; 50 to 100 ng ml�1) was also added to each input
medium in proportion to its XIP or CSP concentration (10).

Bulk culture experiments. We performed two types of experiments
on PcomX activity in pH-adjusted bulk cultures of S. mutans: continuous
pH correction and single-time-point pH correction. In both types, S. mu-
tans cultures were grown to an OD of 0.1 or 0.4 and then divided into 4
samples. The pH of the samples was adjusted to 7.9, 7, 6.4, or 6 by adding
small amounts of 2 N NaOH or HCl. XIP at 500 nM or CSP at 1 �M was
then added.

In the continuous adjustment experiment, the pH of each sample was
subsequently maintained within �0.1 pH unit of its initial value through
continuous pH adjustments while the sample was kept in a water bath at
37°C. The sample pH was measured every 10 to 15 min, and if the pH had
fallen 0.1 unit below its initial value small aliquots (1 to 2 �l) of 2 N NaOH
were added until the pH was 0.1 unit above the initial value. As cultures
entered mid-exponential phase, more 2 N NaOH was needed in order to
provide the adjustment. In the single-time-point adjustment experiment,
the samples were incubated at 37°C immediately after addition of 500 nM
XIP or 1 �M CSP, without further pH adjustment.

For both cases, cells were extracted 2 h after addition of the peptide,
briefly ultrasonicated as above, dispersed onto a slide, and then imaged
in phase-contrast and GFP fluorescence. Imaging employed the same
illumination and exposure settings that were used for the microfluidic
studies.

Single-cell image analysis. The expression of PcomX-gfp or PcipB-gfp in
individual cells was quantified by analyzing phase-contrast and GFP flu-
orescence images of individual cells with custom-developed Matlab soft-
ware. The analysis method has been described previously (31). Briefly, the
method correlates the intensity of the phase-contrast image of an individ-

ual cell with the brightness of its GFP fluorescence image, giving a unitless
parameter (denoted R) that is proportional to the concentration of GFP
within the cell. R is therefore a measure of the gfp expression activity in
that cell. The histograms shown in the data figures indicate the distribu-
tion of R values across a sampling of cells within the flow chamber.

RESULTS
XIP and CSP activate PcomX in a narrow pH range. The activation
of PcomX by XIP or CSP was measured as a function of extracellular
pH in S. mutans cells adhered within microfluidic flow chambers
as shown in Fig. 1. S. mutans grown to early (OD � 0.1 to 0.2 at 600
nm), mid (OD � 0.4)-, or late (OD � 0.8) exponential phase (see
Materials and Methods) were loaded into the chambers and sup-
plied with a continuous flow of either fresh media or supernatant
fluids taken from planktonic cultures at different growth phases.
Synthetic CSP or XIP was added to the media, which were ad-
justed to a different pH in each flow chamber (Fig. 1). The flow
rate for the media was sufficient to refresh the fluid in each cham-
ber approximately every 10 s, such that endogenously produced
XIP, CSP, or other secretions should be rapidly cleared from the
chambers. Because small peptides block XIP signaling but are re-
quired for CSP signaling, all experiments with XIP were con-
ducted using the chemically defined, peptide-free medium FMC
and all experiments with CSP were conducted with a mixture of
1/3 complex (BHI) medium and 2/3 FMC. Activation of PcomX was
monitored through expression of a PcomX-gfp reporter, and pH
was verified by measuring the red fluorescence of a tracer dye (see
Materials and Methods). Cells were typically exposed to flow for 2
h prior to collection of phase-contrast and GFP fluorescence im-
ages. During this period, most cells remained adhered within the
chambers and some cell division occurred. Population-wide pat-
terns of gfp activation in the adhered cells did not change during
observation, although GFP accumulated monotonically in the
gfp-active cells. Therefore, an optimum trade-off between bright
fluorescence and crowding of the flow chamber occurred at 2 h.
Images of several hundred cells within each chamber were then
collected and analyzed to generate histograms of GFP expression
levels in the population, as described in Materials and Methods.

To begin to explore the effects of pH on XIP and CSP signaling,
a PcomX-gfp strain that was grown to early exponential phase
(OD � 0.1) was introduced into the microfluidic device and pro-
vided with a flow of fresh medium containing either 1 �M CSP or
500 nM XIP. All chambers received the same concentration of
signal peptide, while the media in different chambers spanned pH
6 to pH 8 (Fig. 2). As expected (10), CSP elicited a bimodal comX
response at neutral pH values: a portion of the population exhib-
ited only baseline PcomX activity, whereas PcomX was upregulated
roughly 100-fold in a subpopulation of cells. However, this re-
sponse occurred within a very narrow pH range, with optimal
induction near pH 7.1. At higher or lower pH values, the fraction
of cells activating comX decreased sharply, even though the level of
expression in the activated cells remained high. Also as expected
(10), XIP elicited a unimodal response from PcomX at neutral pH
values. At pH 7.1, virtually all cells in the population activated
PcomX in the presence of XIP. However, PcomX activity was reduced
in chambers that were more acidic or basic, with little more than
baseline activity detectable at pH 6.0.

Figure 2B shows the mean PcomX activity versus pH. Although
the bimodal response to CSP resulted in overall lower mean PcomX

activity than observed for XIP, the pH dependence of the mean
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PcomX activity showed generally similar, peaked behaviors near pH
7.1 for XIP and CSP. Peak sensitivity to XIP occurred over a
slightly broader pH range, more than 1 pH unit wide, while peak
sensitivity to CSP occurred at a slightly higher pH and in a nar-
rower window than for XIP.

pH influences CSP sensitivity in mid- and late-exponential-
phase cells and supernatants. A study of planktonic S. mutans
growing in batch cultures found a reduced comX response to XIP
and, to a lesser extent, CSP during mid- and late exponential
phase, somewhat independent of extracellular pH (11). To test if
cells in microfluidic chambers exhibited similar behaviors, S. mu-
tans was grown to mid-exponential (OD � 0.4) or to late station-
ary phase (overnight cultures, OD � 1.2). The cells were loaded
into flow chambers and supplied with CSP in fresh medium that
was adjusted to different pH values. The pattern of PcomX expres-
sion (Fig. 3A and B) was similar to that for early exponential cells
(Fig. 2); cells grown to mid-exponential phase or overnight re-
sponded to CSP within a narrow pH interval near 7.1. This indi-
cates either that the physiologic state of the cells does not dictate
the pH dependence of the response to CSP or else that cells loaded

into the microfluidic chamber adapt rapidly enough to the new
environment that they respond differently than cells cultured
batch-wise in bulk. Adaptation could occur through rapid clear-
ance of an inhibitory substance present in the batch culture or
from a purely internal (genetic or physiologic) response to the
flow chamber environment.

We tested whether batch cultures contained a substance that
inhibits CSP responsiveness in cells that have exited early expo-
nential phase. For this experiment, we collected supernatants
from mid (OD � 0.4)- and late (OD � 0.8)-exponential-phase
cultures, clarified them by centrifugation, and filter sterilized the
supernatant fluid. To compensate for the depletion of the carbo-
hydrate source, 10 mM glucose was added. CSP was then added to
a final concentration of 1 �M to the sterile supernatants, and the
pH was adjusted as above. These mixtures were then supplied via
the flow chambers as input media to the same mid- or late-expo-
nential-phase cells from which the supernatants were obtained.
Figure 3C shows that in chambers where the mid-exponential-
phase cells were supplied with their own supernatants, the full
comX response was restored by neutralization of pH and the pH

FIG 2 PcomX activity in cells grown to early exponential phase (OD � 0.1) and
provided 1 �M CSP or 500 nM XIP in flowing fresh media at the indicated pH
values. (A) Histogram showing GFP concentration measured in individual
cells carrying a PcomX-gfp reporter 2 h after introduction of flow of media
containing CSP (blue) or XIP (red). Approximately 700 to 1,000 cells were
imaged and analyzed at each pH condition to obtain the GFP concentration
within each cell (see Materials and Methods). The horizontal axis shows the
percentage of cells in each flow channel for which the GFP was expressed at the
indicated level. (The baseline corresponding to “dark” cells is approximately
10 to 30 units.) Bimodal activation of PcomX by CSP appears as a double-peaked
shape of the blue histograms near pH 7. Population mean GFP expression for
stimulation by CSP (black bars) and XIP (bright red bars) is also shown. (B)
Mean GFP concentration following activation of the PcomX-gfp reporter by CSP
(blue) or XIP (red), as evaluated from the single-cell histograms in panel A.
The mean CSP and XIP activation is shown on different vertical scales, as CSP
induces PcomX activity in only a subpopulation of cells.

FIG 3 Effect of growth phase and media on the pH dependence of the activa-
tion of PcomX by CSP in the microfluidic chambers. Cells at various growth
phases were supplied with either fresh media or their own filter-sterilized,
pH-adjusted, glucose-supplemented supernatant fluids containing 1 �M ex-
ogenous CSP. A black bar indicates the population mean of each histogram.
(A) Cells from mid-exponential phase (OD � 0.4) were supplied with fresh
medium. (B) Cells from an overnight culture (OD � 1.2) were supplied with
fresh medium. (C) Cells from mid-exponential phase (OD � 0.4) were sup-
plied with their own pH-corrected supernatant fluids. Figure S5 in the supple-
mental material shows similar results for late-exponential cells supplied with
their own supernatants.
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dependence was nearly equivalent to that seen in fresh media.
When late-exponential-phase cells were supplied with their own
supernatants, the comX response was also restored at neutral pH
(see Fig. S5 in the supplemental material); however, the fraction of
cells activating PcomX was smaller than the fraction of early- or
mid-exponential-phase cells, and the level of gfp expression in the
activated cells was very slightly lower. Overall, however, the pH
dependence of the PcomX response to CSP was retained in all pop-
ulations and combinations of cells and supernatants tested. These
data imply that mid- and late-exponential-phase culture superna-
tants do not contain substances that inhibit comX activation. Re-
storing the pH to neutral value is sufficient to restore the comX
response.

pH controls XIP sensitivity in mid- and late-exponential-
phase cells. We also tested whether the growth phase of the cells or
supernatants from cells in different growth phases affected the
activation of PcomX by XIP. S. mutans cells grown in batch cultures
to an OD of 0.2 or 0.8 were loaded into the microfluidic chambers
and supplied with a flow of their supernatants, which had been
filter sterilized, pH adjusted, and supplemented with 500 nM XIP.
Additionally, 10 mM glucose was added to the supernatant of the
OD 0.8 culture. In both cases, the induction of PcomX by XIP was
completely restored at pH 7.1 (Fig. 4), and the same overall profile
in response to pH that was observed in early-exponential-phase
cells supplied with fresh media was observed under these condi-
tions (Fig. 2). Thus, in contrast to results observed in batch-grown
cultures, the effect of pH on XIP induction of comX did not de-
pend on the growth phase of the cells in the chambers or the
cultures from which the supernatants were obtained.

PcomX response to XIP and CSP in pH-adjusted batch cul-
tures. Adhesion of bacteria to surfaces, even inert surfaces such as
glass or plastic, has been shown to trigger changes in gene expres-
sion (32). To verify that our findings were not attributable to
adherence of S. mutans to the walls of the microfluidic chambers
or to the microfluidic environment otherwise, we repeated a sub-
set of the pH experiments using batch-grown cells drawn from

bulk liquid cultures. In these cases, XIP or CSP was provided to
planktonic S. mutans in bulk cultures in which the pH had been
adjusted to the desired levels. After 2 h of incubation with XIP or
CSP, cells were drawn from the culture and dispersed on a glass
slide, and their PcomX-gfp activity was immediately analyzed by
fluorescence microscopy as in the microfluidic experiments.

We used two different methods of pH adjustment in these bulk
cultures. In the first method, the pH of a liquid culture was mon-
itored and adjusted every 15 min by addition of NaOH (see Ma-
terials and Methods). This maintained a nearly constant pH (�0.1
unit) while the cells responded to exogenous CSP or XIP. In the
second method, the pH of the liquid cultures was adjusted only
once, prior to adding CSP or XIP. The pH was then allowed to
drift downward as the culture grew and responded to the CSP or
XIP. For the continuous-adjustment study, four liquid cultures
were adjusted to pH 7.9, 7.0, 6.4, or 6.0. The signal peptide (1 �M
CSP or 500 nM XIP) was then added, and the pH of these samples
was monitored and maintained at the initial values. GFP fluores-
cence was measured after 2 h. The results were similar to those
observed in the microfluidic experiments. Figure 5A shows that,
when the pH of an OD 0.1 culture was adjusted continuously,
both XIP and CSP elicited a strong PcomX response at pH 7.0.
Similarly, for cultures that were initially provided with CSP or XIP
at an OD of 0.4, the strongest response was observed in the sam-
ples that had been maintained at pH 7.0 (Fig. 5B).

As in the microfluidic experiments, CSP elicited little or no
PcomX response when the pH was maintained at 7.9, 6.4, or 6.0.
Interestingly, XIP produced robust PcomX activity in the pH 6 sam-
ple. However, that PcomX response was still 4-fold weaker than the
response at pH 7.0. Figure 5B shows that, when an OD 0.4 culture
was continuously maintained at pH 7.0 in the presence of CSP, a
smaller proportion of cells activated PcomX than in the microfluidic
studies, but PcomX responded only in the pH 7.0 sample. The fact
that a smaller proportion of cells in this culture responded to CSP,
relative to the OD 0.1 culture, may reflect lower nutrient availabil-
ity. It could potentially also result from some depletion of small
peptides in the complex media; we have previously argued that
these peptides drive the ComR/ComS feedback mechanism (10).

In order to evaluate the effect on PcomX expression of allowing
the cells to modify the pH of their environment through growth
and glycolysis, we performed studies in which the pH was adjusted
only once, prior to the 2 h of incubation. Here the pH of four
liquid cultures was initially adjusted to 7.9, 7.0, 6.4, or 6.0 imme-
diately prior to addition of XIP or CSP. Subsequently, the pH of
these cultures drifted rapidly downward (see Fig. S3B in the sup-
plemental material), so the pH at the time of GFP measurement
was lower than at the time when XIP or CSP was added. The pH at
measurement was also lower than in the experiments in which pH
was continuously adjusted during the incubation.

As expected, the samples that were initially adjusted to more-
alkaline pH values showed a robust PcomX response after 2 h. For
cells grown to an OD of 0.4 before the single pH adjustment (Fig.
5C), only the sample adjusted to pH 7.9 showed appreciable PcomX

activity in response to CSP. Similarly, for an OD 0.4 culture that
was provided with exogenous XIP, the sample that had been ini-
tially adjusted to pH 7.9 showed the strongest response to XIP
(Fig. 5C).

Finally, we tested the kinetics of the pH suppression of CSP and
XIP sensitivity in batch cultures. In these studies (see Fig. S4 in the
supplemental material), the pH of a batch culture in early expo-

FIG 4 Effect of culture supernatants on the pH dependence of PcomX activa-
tion by XIP. Cells were grown to an OD of 0.2 (red) or 0.8 (blue) and then
provided 500 nM XIP in a flow of their own filtered and pH-adjusted super-
natant. PcomX activity was measured after 2 h. The histograms indicate GFP
expression levels measured in individual cells. Red and black bars indicate
mean expression levels of cells that were grown to ODs of 0.2 (red) and 0.8
(black). GFP expression levels (mean � standard deviation) under the two
experimental conditions at pH 7.4 are 2,400 � 900 (OD � 0.8) and 2,700 �
1,000 (OD � 0.2); levels at pH 7.1 are 2,800 � 1,100 (OD � 0.8) and 2,800 �
1,100 (OD � 0.2); levels at pH 6.7 are 1,700 � 800 (OD � 0.8) and 1,800 � 900
(OD � 0.2); and levels at pH 6.0 are 120 � 70 (OD � 0.8) and 200 � 100
(OD � 0.2).
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nential phase was adjusted (once) to pH 5.5 at time (t) zero,
whereas CSP or XIP was supplied a different time (t � �). These
data show that the drop in pH inhibited the XIP sensitivity of
PcomX much more rapidly than it inhibited CSP sensitivity (see Fig.
S4). Even if CSP was supplied to an OD 0.1 to 0.2 culture 30 min
before the pH was lowered to 5.5, the PcomX response after 2 h was
reduced. By contrast, when XIP was supplied 30 min before the
culture was acidified, a significant PcomX response still occurred.

Overcoming PcomX inhibition at low pH. To determine
whether PcomX activity could be restored at low pH, we supplied
cells with higher concentrations of CSP or XIP at low pH. S. mu-
tans cells cultured to an OD of 0.1 were loaded into the microflu-
idic chambers, and all seven chambers were supplied with fresh
FMC medium that was adjusted to pH 6.0. Unlike in previous
experiments, however, the pH was the same in all seven chambers
but the chambers provided different concentrations of XIP, rang-
ing from 0 to 10 �M. Figure 6A shows that, at XIP concentrations
greater than approximately 3 �M, PcomX expression was restored
nearly to levels observed at pH 7. Comparison of the expression at
saturating XIP in Fig. 6 to the expression at neutral pH in Fig. 2
shows that high XIP concentration at pH 6 can restore about 50%
of the expression that is observed at neutral pH.

A similar experiment was performed using CSP ranging from 0
to 6 �M in complex medium (1/3 BHI medium and 2/3 FMC) that
was adjusted to pH 6.3. Unlike results for XIP, even the highest
concentrations of CSP failed to induce PcomX activity above base-
line (Fig. 6B).

CSP induces unimodal expression of cipB, a direct target of
ComE, across a wide pH range. As noted above, XIP induces
comX through the binding of the ComR-XIP complex to the comX
promoter region, whereas CSP induces comX indirectly through
the ComDE pathway. The finding that high concentrations of XIP,
but not CSP, restored PcomX activity at low pH raises the question
of whether low pH reduces the ability of the cells to sense CSP via
the ComDE pathway. To determine whether the CSP-ComDE
signaling pathway remains active at low pH, we tested the effect of
pH on the CSP-induced expression of cipB. The cipB gene encodes
a self-acting bacteriocin (mutacin V) that is produced in response
to CSP stimulation and is required for CSP-induced transforma-

tion of S. mutans (33). It is directly activated through interaction
of CSP with the ComD sensor kinase, phosphorylation of ComE
by ComD, and binding of ComE-P to the cipB promoter region
(34).

Figure S6 in the supplemental material shows the results of
microfluidic studies of cipB activation at low pH and in the pres-
ence of variable concentrations of CSP. CSP/ComDE signal trans-
duction remained active at low pH. Further, while PcipB showed
significant basal activity that exhibited some pH dependence, PcipB

FIG 5 Effect of pH stabilization and pH drift on PcomX activity of bulk cultures of S. mutans. Culture pH was either adjusted to the indicated values continuously
during incubation with CSP or XIP (A and B) or else was adjusted only once prior to the addition of CSP or XIP (C) (see Materials and Methods). Histograms
indicate PcomX reporter activity measured in individual cells by GFP fluorescence after 2 h of incubation. Bright red and black bars indicate population means of
the histograms. (A) The pH of a culture initially at an OD of 0.1 was continuously monitored and adjusted to the indicated value for 2 h following addition of 1
�M CSP (blue) or 500 nM XIP (red). (B) The pH of an OD 0.4 culture was continuously adjusted following addition of 1 �M CSP (blue) or 500 nM XIP (red).
(C) The pH of an OD 0.4 culture was adjusted only once prior to addition of 1 �M CSP (blue) or 500 nM XIP (red).

FIG 6 Effect of increased XIP or CSP concentrations on the induction of PcomX

at low pH. Histograms show population-wide GFP activity in cells grown to an
OD of 0.1 and then supplied XIP (0 to 10 �M) or CSP (0 to 6 �M) in a flow of
fresh media at low pH. GFP expression was measured after 2 h of flow in the
microfluidic chambers. Black bars indicate histogram means. (A) Response of
PcomX to high concentrations of exogenous XIP at pH 6.0. (B) Response of
PcomX to increasing concentrations of exogenous CSP at pH 6.3.
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expression was significantly enhanced by CSP over a broad pH
range. The largely pH-independent function of the CSP/ComDE
system suggests that pH primarily controls PcomX regulation fur-
ther downstream in the regulatory pathway.

Finally, the activation of PcipB in Fig. S6 in the supplemental
material is unimodal: all cells in the population expressed the re-
porter gene in response to CSP. The unimodal response of PcipB is
consistent with the proposal that bimodality in CSP’s activation of
PcomX arises further downstream in the signaling pathway, proba-
bly within the ComRS system (10).

DISCUSSION

Many aspects of S. mutans genetic competence, including the fac-
tors controlling entry and exit from the competent state, are still
not well understood. One challenge has been the difficulty of sep-
arating the effects of environmental cues—in particular pH, re-
dox, and nutrient availability—from the effects of the internal
genetic and physiologic state of the cell. Nevertheless, extracellular
pH clearly plays an important role in the regulation of streptococ-
cal competence. An early study (35) showed that the initial pH of
the growth medium affects the onset of the competent state in
Streptococcus pneumoniae; while other factors were also impor-
tant, competence occurred earlier and repeatedly in cultures that
started with an alkaline pH.

For S. mutans, Li et al. (36) found that transformability in
biofilms was maximal at pH 7 to 8 and significantly decreased at
pH 6.0. No transformation was observed in planktonic cells at pH
6.0. Recent work by Guo et al. (11) began to provide insight into
the relationship between the signaling cascades and declining
transformability at low pH. Their study focused on the effect of
pH and supernatant fluids on competence development in batch-
grown cultures of planktonic S. mutans. XIP strongly induced
comX transcription in a defined medium (FMC) at an OD of 0.1,
but cells at higher OD were refractory to XIP treatment. The pH of
FMC decreases during S. mutans growth, from roughly pH 6.9 at
an OD of 0.1 to pH 5.6 at an OD of 1.0; Guo et al. found that XIP
stimulation of PcomX in OD 0.8 cultures could be greatly enhanced
by adjusting the cultures back to neutral pH or suspending the
cells in fresh media. However, cells at mid-exponential phase
(OD � 0.4) were refractory to XIP treatment even when their
supernatant was adjusted to neutral pH. Further, when cells grew
in complex medium, the response of comX to CSP declined after
early exponential phase and was not restored when supernatants
were adjusted to neutral pH. Such findings could imply that, in
addition to pH, secretions into the supernatant or purely internal
cellular mechanisms may inhibit expression of comX as cells exit
early exponential phase. However, while it is clear that pH can
influence competence-related signal transduction, studies of
batch cultures are subject to inherent limitations associated with
depletion of nutrients, accumulation of end products, and the
production of competence-inhibiting or -promoting signals.
These effects impede the goal of observing the influence of pH
alone.

Our data clarify the role of pH in limiting the activation of
PcomX by XIP and CSP. They show that optimal PcomX response
requires the pH to lie within a very narrow window, roughly pH
6.7 to 7.7 (Fig. 2). Moreover, pH is far more significant in deter-
mining the PcomX activity of S. mutans than is the history (growth
stage) of the cells or of their corresponding supernatants. XIP
elicited robust PcomX activity in cultures grown to early, mid-, or

late exponential phase (OD � 0.2, 0.4, or 0.8, respectively) and in
any supernatants from these cultures as long as the pH was held
between pH 6.7 and 7.7. Similarly, CSP stimulated PcomX in cells in
different growth phases and in cells exposed to supernatants from
different growth phases, as long as the pH was maintained in the
same narrow range. None of our microfluidic data indicate that
the responsiveness of PcomX to XIP or CSP is diminished by a
component (other than low pH) present in mid-exponential or
later growth supernatants.

Consequently, it is interesting that the batch culture studies by
Guo et al. did not show a clear connection between pH and the
action of CSP. Neutralizing the pH of mid-exponential-phase
batch cultures had little effect on the sensitivity of PcomX to CSP
(11). Although that result may appear to contradict the microflu-
idic data in Fig. 3, we note an important difference in the meth-
odology. Guo et al. made a single adjustment to the pH of a batch
culture and then allowed an extended incubation time, during
which the pH of the media decreased. In contrast, our microflu-
idic experiments ensured a stable pH from the time that CSP was
added until the PcomX reporter was measured. The Guo et al. study
is thus more analogous to the batch culture experiments that we
performed using a single pH correction followed by 2 h of incu-
bation with XIP or CSP (Fig. 5C). In those studies, the downward
drift of extracellular pH (see Fig. S3 in the supplemental material)
suppressed PcomX response to XIP and (especially) CSP, even in
cultures that were initially adjusted to neutral pH.

Other bacterial species possess sophisticated mechanisms for
switching off the competence genes and limiting the duration of
the competent state, such as the DprA and Clp mechanisms (1, 2).
At least some of these mechanisms have been described in S. mu-
tans (37). Thus, it is intriguing that pH plays a dominant role in
controlling S. mutans competence. It provides a simple mecha-
nism for S. mutans to limit the duration of its competent state
while secreting XIP or CSP. Cultures initially prepared in fresh
media will drift downward in pH (see Fig. S3 in the supplemental
material), passing through and then exiting the narrow pH win-
dow within which XIP and CSP are capable of stimulating PcomX.
The induced competence will be transient, regardless of whether
the cells possess any other mechanism for terminating PcomX ac-
tivity. Whether other bacterial species also regulate competence
with such pH sensitivity will not be known until those systems
have been studied with sufficiently fine environmental control.

Our data also show that the acidification of its environment by
S. mutans during growth is a confounding effect in studies of pH
response in bulk samples. This finding highlights the importance
of environmental cues in the regulation of competence in bulk
cultures and biofilms. For example, the HdrRM and BrsRM sys-
tems (38, 39) of S. mutans can influence cellular behaviors, includ-
ing competence, in a cell density-dependent fashion. Organisms
growing in static cultures or biofilms may potentially activate such
density-dependent signaling systems in combination with pH and
other environmental signals. Separating these different control-
ling parameters requires that bulk and biofilm studies be comple-
mented by microfluidic studies that provide precise, stable envi-
ronmental inputs.

It is curious that both XIP and CSP elicit a response from comX
only within similar, narrow pH ranges, as these signals act in dif-
ferent ways. One difference is that the response of comX to CSP is
bimodal, wherein a subpopulation of cells is activated by CSP
within the responsive pH window (Fig. 3). In contrast, comX re-
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sponds unimodally to XIP, with the entire population activating
PcomX within the pH window. In the model of Son et al. (10), the
bimodal (CSP) and unimodal (XIP) responses result from two
different modes of activation of the ComR/ComS system: stochas-
tic autofeedback activation by CSP and direct activation by XIP,
respectively (Fig. 7). Unimodal activation occurs because exoge-
nous XIP directly stimulates formation of the ComR/XIP com-
plex, which is the immediate transcriptional activator of PcomX. It
has been proposed that bimodal (CSP-induced) activation relies
on fluctuations in the activity of the ComR/ComS autofeedback
system, which lead in some cells to a self-activated state that trig-
gers PcomX (10, 40, 41).

A second difference between CSP and XIP activation is that,
among cells that are activated by CSP, the level of PcomX activity
(typically 1,000 to 2,000 fluorescence units per activated cell in Fig.
3) is largely insensitive to pH. High or low pH does not suppress
PcomX activity (in response to CSP) by reducing gfp expression in
the activated cells; rather, it reduces the number of cells that be-
come activated. Thus, the autofeedback mechanism underlying
bimodality in the PcomX response evidently still functions at low
pH, but the mechanism that drives some cells into the activated
state is less effective. In contrast, low pH suppresses the average
level of XIP-induced PcomX activity in all cells, from about 4,000 to
5,000 fluorescence units per cell at pH 7.1 to about 200 at pH 6.0.

Third, we observed a difference in the ability of high peptide
signal concentrations to restore PcomX activity. Near pH 6, PcomX

activity in response to XIP was almost (although not completely)
restored to its pH 7 level by a higher concentration of XIP, whereas
the response to CSP was not restored at all by CSP concentrations
as high as 6 �M. The two peptides interact differently with the cell.
XIP must be internalized by an ATP binding cassette transporter,
whereas CSP appears to interact with extracellular domains of

ComD and does not require uptake. One possible reason for the
different responses to higher CSP versus higher XIP could thus
have been a loss of sensing or signal transduction of CSP through
ComDE. However, the behavior of cipB (see Fig. S6 in the supple-
mental material) shows that the CSP-ComDE circuit, which is the
immediate activator of PcipB, remains functional at pH values
where PcomX is unresponsive to CSP. Further, the response of PcipB

to CSP is unimodal, unlike the response of PcomX. Therefore, in-
stead of inhibiting the ComDE pathway, low pH may affect the
action of XIP and/or ComS within the ComR/ComS feedback
loop. Presumably, such an effect would be more readily compen-
sated through direct stimulation by exogenous XIP than through
the indirect, upstream action of CSP. Similarly, the kinetic data of
Fig. S4 in the supplemental material suggest that the effect of low
pH is more proximal to the action of XIP (i.e., to the ComR sys-
tem) than to the action of CSP (at ComDE).

Figure 7 suggests several possible ways that low pH could re-
strict the availability of intracellular XIP or its precursor ComS to
interact with ComR: low pH may slow the import of exogenous
XIP (scenario 1), reduce comS expression (scenario 2), inhibit the
association of ComR with XIP or ComS (scenario 3), or accelerate
the intracellular degradation of XIP or ComS (scenario 4). All of
these scenarios would lead to declining PcomX activity at low pH.

It is plausible that low pH could restrict the internalization of
exogenous XIP, such as by inhibiting expression of the gene for the
oligopeptide permease (opp), as in scenario 1. The effect of pH on
XIP internalization remains to be explored. However, while this
scenario could explain the pH dependence of the XIP response, it
would not explain our CSP data, as the bimodal CSP response
does not require XIP import. An opp mutant that lacks any ability
to import XIP was still able to activate PcomX bimodally in response
to CSP (10). Therefore, a pH-dependent change in opp expression

FIG 7 CSP and XIP activation of comX (10, 23), and some possible models for the interaction of low pH with the ComR/ComS feedback system that controls
PcomX. ComS is processed to form XIP, which forms with ComR a complex that is the immediate activator of PcomX. We have previously hypothesized that ComR
may form an activating complex with either XIP or ComS (10). CSP activates the ComD/ComE two-component system, which in turn stimulates the ComR/
ComS system, although the connecting pathway is not known. Low pH could potentially suppress PcomX activity by inhibiting import of exogenous XIP (scenario
1), inhibiting expression of comS (scenario 2), inhibiting formation of the ComR/ComS or ComR/XIP complex that activates transcription of both comS and
comX (scenario 3), or enhancing degradation of ComS and/or XIP (scenario 4). (Adapted from reference 10 with permission of John Wiley & Sons [copyright
2012 Blackwell Publishing Ltd.].)
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is insufficient to explain the observed suppression of the bimodal
CSP response at low pH.

Similarly, a pH-sensitive inhibition (Fig. 7, scenario 2) of
ComS synthesis could explain the CSP results but not the XIP
results. While the declining production of ComS at low pH would
make it less likely for the ComR/ComS autofeedback loop to acti-
vate under CSP stimulation, PcomX activation by XIP does not
require ComS synthesis. In particular, we previously showed that
exogenous XIP activates PcomX via ComR even in comS-deficient
mutants (10). Inhibited production of ComS at low pH would not
explain the loss of responsivity to XIP.

However, scenarios 3 and 4 in Fig. 7 could both potentially
explain the XIP and CSP data. Both would lead to a reduced in-
tracellular concentration of the transcriptional activator complex
at low pH, where this reduction could be alleviated to some extent
by higher concentrations of exogenous XIP. In both scenarios 3
and 4, the activity of the CSP/ComD/ComE pathway at low pH
would have a less direct effect on the ComR/ComS system and so
additional CSP may be insufficient to reactivate that system.

The possibility that low extracellular pH favors degradation of
XIP or inhibits its binding to ComR suggests that ComS overex-
pression would potentially restore the activity of PcomX at low pH.
This idea is intriguing in light of the behavior of strains of S.
mutans that were engineered to overproduce ComS (11, 27). In
these strains growing in defined media, genetic competence was
observed for a much longer duration than in the wild-type strain,
with competence extending into late exponential or early station-
ary phase.

A very simple pH-sensitive association of ComR with XIP is at
least in principle compatible with the observed narrow pH win-
dow for XIP response, as demonstrated in Fig. S7 in the supple-
mental material. The intracellular pH decreases with the extracel-
lular pH, and S. mutans employs several mechanisms, such as
upregulation of molecular chaperones and DNA repair enzymes,
to tolerate low intracellular pH (42, 43). However, S. mutans can
also actively export protons using the F1Fo ATPase (44), so the
interior of the cell can be maintained at a substantially more alka-
line pH than the exterior. At an extracellular pH of 5.0, glycolyzing
S. mutans was able to maintain a �pH of 1.37 � 0.09 (45). There-
fore, it is possible that in our low-pH studies S. mutans maintains
an intracellular pH that is less acidic than the environment. The
observed effects of extracellular pH on competence regulation
may then occur via signaling pathways that sense the extracellular
pH, rather than through direct pH effects on interactions within
the ComR/ComS system. For example, the efficiency of the
ComR/ComS system, including perhaps ComS or XIP degrada-
tion at extreme pH, could fall under the active control of an envi-
ronmentally sensitive signaling system such as LiaFRS, CiaRH,
BdsRM, HdrRM, or others (8, 46). In addition, vicR expression is
sensitive to CSP and was shown to be pH dependent, and its reg-
ulation was sensitive to LiaFRS, which may act as a pH sensor (47).
Several of the scenarios enumerated above could plausibly fall
under the control of such a pH-sensing system.

Therefore, multiple and potentially overlapping circuits could
contribute to our observations, and a more detailed genetic and
biochemical investigation of the interaction between pH and
other regulators is required. Our data clearly point toward a pH
dependence in the autofeedback strength in the ComR/ComS sys-
tem, but distinguishing between the many possible mechanisms is
a complex task that lies outside the scope of the present study. The

task will most likely include (e.g.) investigation of the pH depen-
dence of DNA binding by the ComR/XIP complex or the stability
of that complex. Targeted mutagenesis of ComR residues involved
in formation of the complex or DNA binding (48), as well as
manipulation of pH-sensitive signaling pathways, would also be
useful.

We previously showed that very small changes in the compo-
sition of the growth media can generate large, qualitative changes
in the regulation of genetic competence in S. mutans. Here we
have found that the activation of this system by either XIP or CSP
is also very sharply tuned to extracellular pH, showing again that S.
mutans exerts meticulous control of virulence behaviors in re-
sponse to environment. Our data may have interesting conse-
quences for spatial and temporal control of the transformability
and virulence of S. mutans in oral biofilms, where local pH and
chemical and physical conditions are highly heterogeneous and
evolve during growth (49). In immature biofilms, peptides such as
XIP and CSP may diffuse readily while pH changes rapidly, lead-
ing to greater but transient stimulation of competence and asso-
ciated virulence behaviors as S. mutans competes with other bio-
film flora. In contrast, in more mature and cariogenic biofilms, the
poor diffusibility of the peptides and the sharply reduced local pH
would inhibit activation of the competence network in many re-
gions throughout the biofilm, thus limiting entry into the compe-
tent state among better-established cells.
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